Aquatic bryophytes are frequently used as biomonitors for trace metals in aquatic ecosystems.
equilibrium sorption capacity of lead by Fontinalis antipyretica increased with the initial metal concentration. For an initial metal concentration of 10 mg L -1 , the uptake capacity at equilibrium was 4.8 mg g -1 . Nevertheless, when the initial concentration increased up to 100 mg L -1 , the uptake of lead was 10 times higher. Maximum adsorption rates were achieved almost in the first 10-20 min of contact, and a further increase in the contact time had a negligible effect on the Pb 2+ sorption. Three kinetic models (pseudo-first order, pseudosecond order and Elovich) were fitted to the experimental data and compared by the F-test.
The pseudo-second order biosorption kinetic model provided the better correlation with the experimental data ) 00 . 1 ( 2
Introduction
The increasing environmental contamination by toxic metals [1, 2] is a relevant worldwide occurrence, as well as the contamination by others pollutants [3, 4, 5] . They are not biodegradable and tend to accumulate in living organisms. The consequences of their presence in aquatic ecosystems to human health, living organisms in water and consumers of contaminated plants or animals are well known. Lead has been recognized as a potentially dangerous pollutant, in the same class as mercury, arsenic and vanadium [6] . Tackett [7] reports that lead was found to be markedly toxic to human beings when accumulated in high
amounts. An adult ingests between 0.3 to 0.6 mg of lead per day in his diet and a value close to 10% is retained in the organism. As a consequence, lead can damage the kidney, liver and reproductive system, brain functions and basic cellular processes [8] .
Lead is released into the environment through waste streams from lead smelting, lead mining and coal combustion, lead-based paints use and lead-containing pipes in water supply systems, and additionally, from pigments, photographic materials, ceramic glazes, automobile batteries and cosmetics manufacturing [9, 10, 11] .
Thus, the removal of toxic metals and particularly lead from waters is an important environmental issue [12] . Traditional methods used for heavy metals removal from aqueous effluents (chemical oxidation or reduction, chemical precipitation, coagulation, complexation) are insufficient to achieve the limits imposed or recommended by national and international water regulatory agencies [13] or extremely expensive (ion exchange, activated carbon adsorption, electrolytic removal, reverse osmosis). The high capital investment required, as well as the high operating costs, led to increasing the search of low-cost adsorbents to be used instead of activated carbon [14] . Moreover, in these processes, chemicals are not needed and the maintenance requirements are small. The Table 1 lists the cost for some commercial activated carbons and low-cost adsorbents.
Table 1
In recent years several methods based on metal-sequestering properties of natural materials of biological origin have been considered for decontamination of metal-enriched waters. The principal mechanism involves the formation of complexes between the metal ion and functional groups in the surface or inside the porous material structure, as amino, amido, carboxyl, phosphate, carbonyl and sulfonate groups. Biosorbents include a great variety of materials such as: agricultural sub-products (soybean and cottonseed hulls, rice straw and sugarcane bagasse) [23] , pine bark [14, 24] , aquatic plants [14, 24, 25, 26] , peat moss [27] , activated sludge [28, 29] , fungi and bacteria [14, 30, 31] and algae [9, 11, 14, 32] . All these materials are abundant in nature and require little processing.
Since 1990 [33] aquatic bryophytes were know for exhibiting both sensitivity and tolerance to a wide range of heavy metals. Factors as the inexistence of a barrier to metal absorption and the absence of a cuticle, which increases the direct access of soluble metals to the cytoplasm, make the aquatic mosses an important support for heavy metals removal from contaminated waters.
To our knowledge, the results reported in the literature concerning lead removal by aquatic mosses are quite scarce. Therefore, the study of the biosorption equilibrium and kinetics of lead ions by the aquatic moss Fontinalis antipyretica seems to be a relevant research topic. Lead was the heavy metal chosen to carry out this study because (i) it is present in many industrial effluents and mine drainage waters directly discharged into rivers and lakes and (ii) it is toxic when in excess, inhibiting plant and microorganism growth. The results obtained in this work can be useful for a future application of aquatic mosses in the decontamination of metal-bearing industrial effluents.
Materials and methods

Lead(II) solutions
All chemicals were analytical grade and purchased from Merck (Darmstadt, Germany). The lead stock solution, 1000 mg L -1 , was prepared by dissolving an accurate quantity of PbCl 2 in deionized water. Other lead working solutions were freshly prepared by diluting the lead stock solution with deionized water.
The solution pH was adjusted by adding diluted solutions 0.1 M of HCl and NaOH, as required.
The biosorbent
This type of aquatic plants was chosen because their high capacity for assimilating nutrients, toxic organics and heavy metals, which has been related in monitoring programs of rivers water quality. Another relevant reasons: this material is abundant in nature, require little processing and there is not much in literature about them.
The aquatic moss Fontinalis antipyretica was taken from the Selho River, a tributary of the Ave River in Northern Portugal. The background metal content in mosses was considered to be of natural origin and negligible (sensibly 114 g g -1 ). The samples were rinsed with river water in situ and then in the laboratory with deionized water, selecting only the green parts of the plants. The plants were dried in an oven at 70ºC for 24 h and then ground in a RETSCH ZM 100 ultra-centrifugal mill at 1400 rpm for approximately 90
seconds. The fraction with particle size between 150 m -300 m was selected for this study.
Equilibrium experiments
Equal amounts of 100.0 (±0.1) mg of the biosorbent were accurately weighted and transferred to 100 ml glass bottles and 50 mL of lead solution with concentration between 10
and 100 mg L -1 was added to each bottle. The bottles were then shaken for 24 h at constant room temperature (20±1ºC) using a rotary shaker (P-Selecta Rotabit). Each experiment was performed in duplicate and blank solutions (metal solution without biosorbent) were shaken simultaneously. The contact time was previously determined from kinetic studies, carried out at the same temperature and stirring rate, as that required to attain equilibrium. After 
Kinetic experiments
The influence of the initial metal concentration on biosorption rate was studied in batch mode.
Erlenmeyer flasks (11 units) with 100 ml capacity were used in this study, each one 
Analytical methods
Lead concentrations in the filtrates were determined by acetylene-air flame atomic absorption spectrometry (AAS, Varian Spectra, model S220). The working parameters of AAS were 5.0 mA and 217.0 nm, respectively, for current and wavelength, giving a detection limit of 1 ppm. The instrument response was checked at predetermined times with Pb(II) solution standards. Prior to analysis the samples were acidified with concentrated nitric acid, and stored in acid-washed plastic vessels.
Theoretical background
Equilibrium isotherms
Two of the most commonly used isotherms were fitted to the experimental results obtained in this study, the Langmuir and Freundlich equations.
The Langmuir model assumes that the adsorbent surface is homogeneous and the biosorption energy for each biosorption site is equal. Metal ions sequestration occurs without mutual interactions between the ions adsorbed at the material surface. Langmuir equation can be represented as: 
where
represents the biosorption capacity when metal equilibrium concentration equals to 1, and n represents de degree of biosorption dependence with equilibrium concentration.
Biosorption kinetic models
Kinetic models are a significant tool to identify the controlling mechanism of the biosorption process. They can be divided into two main types: reaction and diffusion-based models. Some kinetic models are only concerned with the effect of the observable parameters on the biosorption overall rate. This is the case of the pseudo-first order (Lagergren) 
where a (mg g -1 min -1 ) and b (g mg -1 ) are empirical model parameters.
Intraparticle diffusion model:
When the diffusion of the metal ions inside the biosorbent is the rate-limiting step, the biosorption data can be fitted by the equation
where dp k is the intraparticle diffusion coefficient (mg g -1 min -1/2 ).
Results and discussion
Langmuir and Freundlich equations were fitted to the equilibrium experimental data by nonlinear regression using the commercial software 
Effect of pH on lead removal
In the biosorption process of lead onto aquatic moss the pH value was one important environmental factor because the site dissociation and also the solution chemistry of the heavy metal, that is, hydrolysis, complexation by organic and/or inorganic ligands, redox reactions, precipitation were all strongly influenced by pH. The results shown in Fig. 1 The results show that the biosorption process is highly dependent on pH. The same behaviour was observed in different studies with green algae; sorption of lead from aqueous solutions by Spirogyra [38] and Cladophora [39] species. Nevertheless, at pH ≥ 7 insoluble metal hydroxides start precipitating from the solution. In the following work, experiments
were carried out at initial pH 5.0±0.2. The biosorption capacity of aquatic mosses for Pb(II) was evaluated using the Langmuir (Eq. 1) and Freundlich (Eq. 2) isotherms as shown in Fig. 2 .
Fig. 2
Even though these models shed no light on the mechanistic aspect of biosorption, they provide a practical and convenient tool for comparing results using different biomass on a quantitative basis, providing information on sorption potential and reproducing the usual equilibrium uptake process behaviour with easily interpretable constants, as explained in section 3.1. Table 2 . Non-linear data analysis was adopted to prevent some errors in the linearization of these isotherm equations;
as, modify the error structure and also violate the error variance and normality assumptions of standards least-squares [40] . Table 2 Within the lead concentration range of 10 -100 mg L -1 , both models were suitable for describing the biosorption isotherm of Pb(II); though, the coefficients of correlation (
presented in Table 2 suggest that Langmuir isotherm describe better the biosorption of Pb(II)
by Fontinalis antipyretica than Freundlich isotherm. For the particle diameter of 150 -300 m, the magnitude of Freundlich constant n was greater than unity (1.9) indicating that the Pb(II) adsorption is favorable.
However, the most effective way to compare the significant improvements introduced by a correlative model against another is to use the F-Test [41] . Q that compares favourably with those obtained using other low-cost materials listed in Table 3 [9, 13, 38, 42, 43, 44, 45, 46] .
Table 3
Such as previously mentioned in the theoretical approach, the initial curve slope ( b Q max ) is one of the most important characteristics of the sorption isotherm. The initial slope calculated from the Langmuir isotherm parameters ( Considering the high biosorption capacity showed by Fontinalis antipyretica, this aquatic bryophyte is promising as biosorvent for the removal and recovery of metal ions of industrial effluents can also be used to recovery valuable metals from aqueous diluted solutions.
Additional favorable point is that biosorption capacity was attained at ambient temperature (20ºC), in contrast with other studies [46] , which respect the initial premise of a low cost biosorption technology.
The favorable adjustment provided by the Langmuir isotherm and according to Weber and DiGiano [47] , the moss used can probably be referred to as a heterogeneous material, and the metal adsorption occurs in homogeneous sites (uniform adsorption energy for the adsorption sites).
Kinetic studies
Parameters related to the aqueous solution composition, biosorbent characteristics and the metal ion to be removed certainly influence the mechanism of metal removal by the biosorbent. On the other hand, to design a batch sorption system it is of crucial importance to know the biosorption rate. In this way, it is important to establish the time dependence of such system under various process conditions.
The biosorption rate of lead ions onto Fontinalis antipyretica was determined for initial metal concentrations of 10 and 100 mg L -1 . Experimental kinetic data were evaluated using pseudofirst order, pseudo-second order, Elovich and intraparticle diffusion equations (Eqs. 4-8).
Figure 3 (a-c) shows a plot of the experimental results for biosorption of Pb(II) on
Fontinalis antipyretica as a function of time, and the curves predicted by the kinetic models (dashed and solid lines correspond, respectively, to the initial metal concentrations of 10 e 100 mg L -1 ).
Fig. 3
The corresponding model parameters are presented in Table 4 . These curves are characterized by a strong increase in sorption capacity by the biosorbent during the first 10 minutes, that gradually decreases until saturation. The sorption process is fast and the equilibrium attained in less than 2 h; so, the biosorption of lead involve purely weak intermolecular forces between the mosses and the metal in aqueous solution [48] . Similar equilibrium times were obtained for sorption of lead by industrial algal waste [48] , algae
Gelidium [48] , Sphagnum moss [49] , non-living biomass [50] and sorption of cadmium and lead by green algae [38] . When the initial lead concentration increases from 10 to 100 mg L -1 , an increase of the same order on the biosorbent capacity is observed (Table 4) .
Table 4
From the reaction models employed in this study (Eqs. 4, 5, 7) there is one, the pseudo-second order model, that shows a good compliance on fitting the experimental data ( 2 R =1.00). The performances of the Langergren, pseudo-second order and Elovich models were compared by using an F-Test (Table 5 ). For the initial metal concentrations used the F-Test also indicates that the pseudo-second order model, not only fits better ( 
Table 5
Application of Elovich equation in liquid phase adsorption has been significantly increased; although, in this work wasn't as satisfactory as in other studies [51] . The results in Table 4 allow to infer that the chemisorptions rate ( to null coverage of the adsorbent surface)
is strictly related to the initial metal concentration in solution. An increase of ten times (10 to 100 mg L -1 ) in the initial Pb 2+ concentration resulted in a reduction of chemisorption rate in approximately four times (879 to 206 mg g -1 min -1 ). Cadmium adsorption kinetics onto P.
halepensis sawdust was studied by Semerjian [52] , and also tested with the Elovich kinetic model. Recorded R 2 values were very lower than in this study, indicating similar conclusions about this equation to describe metal uptake, although using different materials.
Adsorbate species are most likely transported from the bulk of the solution into the solid phase through an intra-particle diffusion process, which often may be the rate-limiting step in many biosorption processes [52] . The intra-particle diffusion can be described by the theory proposed in 1963 by Weber and Morris [37] , in which the accumulation is proportional to the square root of contact time during the adsorption period. Plot of q t versus t 1/2 is shown in Fig. 3d and linearity is not applied for the system Fontinalis antipyretica-Pb(II) during all the biosorption process. According Weber and Morris [37] , it cannot be stated that intraparticle diffusion process is the unique rate-limiting step taking place in the sorption of Pb The initial sorption rate ( ) (i r s ) increased for 5.34 to 16.5 mg g -1 min -1 when the initial lead concentration increased from 10 to 100 mg L -1 . This behaviour is concordant with the removal of copper ions from aqueous solution by tree fern [53] and lead biosorption by granulated agar extraction algal waste [5] . However, the opposite was observed by Ho and McKay when studying the sorption of copper, nickel and lead onto Sphagnum moss peat [45] .
So, the previous facts suggest that chemisorption is the rate-limiting step and the biosorption mechanism follows a pseudo-second order reaction model.
Conclusions
The aquatic bryophyte Fontinalis antipyretica, a common aquatic moss in north unpolluted rivers of Portugal, has proven to be a promising material in biosorption processes.
Different functional groups, at the surface or inside the porous material structure of aquatic moss are the responsible for its effectiveness as biosorbent for the removal and recovery of 
Table 1
Cost of commercial activated carbon and some low-cost adsorbents (adapted of Gupta et al.
[10]) Adsorbent Cost (US$ kg -1 ) Reference
Commercial activated carbon 1.37 [15] Commercial activated carbon 20 [16] Commercial activated carbon 5-6 [17] Commercial granular activated carbon 3.30 [18] Bagasse flyash 0.009 [19] Bentonite 0.05 [20] Coconut shell charcoal 0.34 [15] Manganese oxide 0.05-0.06 [21] Peat 0.018-0.069 [22] Bagasse fly ash 30.0 [43] Granulated agar extraction algal waste 20.5 [9] Natural sorbent (quartz, aluminosilicates,…) 66.2 [13] Cocoa shells 6.23 [44] Orange peels 114 [45] Waste biomass of Phaseolus vulgaris L. 
[46]
